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Low temperature decomposition of metal borohydride drives 
autogenous synthesis of MgB2 
I D R Mackinnon*, M Shahbazi, J A Alarco and P C Talbot 
Institute for Future Environments and Science and Engineering Faculty, 
Queensland University of Technology (QUT), Brisbane QLD Australia 4001. 
email: ian.mackinnon@qut.edu.au 
We describe a low temperature, autogenous pressure method to synthesise mm-scale MgB2 aggregates with highly 
connected grains. The decomposition of metal borohydrides such as NaBH4 and KBH4 at low temperature (i.e. < 150 oC) 
in the presence of Mg provides reactive boron species at pressure and subsequent formation of MgB2 in high yield. 
Optimum synthesis conditions include heating to 250 oC for > 30 minutes then a ramp to 450 oC < Tmax < 500 oC and 1.4 
MPa < Pmax < 2.2 MPa. Reactions with KBH4 release reactive boron species at higher temperature (~ 130 oC) than reactions 
with NaBH4 (~ 80 oC – 100 oC). Alkali metal solubility in MgB2 is at ~ppm levels. The onset superconducting transition 
temperature, Tc, for MgB2 produced by these syntheses ranges between 38.3 K and 38.5 K. Magnetic measurements of 
MgB2 aggregates show a grain connectivity comparable to powders produced at higher temperature (> 800 oC) and suggests 
that this synthesis approach may be effective for ex situ wire production. 
Keywords: MgB2 synthesis, autogenous pressure, alkali metal borohydrides, superconducting transition temperature. 
 
1.0 Introduction 
The rapid development of MgB2 superconducting 
wires [1-4] reflects exceptional potential for industrial 
applications [5, 6] as well as physical properties [7] 
that suit typical wire drawing processes [3, 8]. Recent 
attention is focussed on optimising wire properties to 
achieve critical current density, Jc, at higher magnetic 
fields than conventional low temperature 
superconductors to maximise industrial applications 
[9-12]. Exemplar applications for which MgB2 wire 
quality is an important criterion include low field 
magnets for imaging [13] and energy storage [14], 
high energy physics[6] and fusion reactors [15, 16]. 
Typical wire forming methods invoke powder-in-tube 
(PIT) processing with either in situ [1, 17], ex situ [18] 
or hybrid [19, 20] production methods. In the in situ 
method, starting materials such as Mg and B powders 
are reacted within a metallic (sealed) tube prior to, or 
during, forming while the ex situ approach uses a 
packed tube of prepared MgB2 prior to heating, 
swaging and/or cold or hot pressing. In all cases, 
microstructural control during wire production is the 
key to optimum mechanical and electrical 
performance of MgB2 wires [21-23] in which porosity 
(or loss of grain connectivity) is the primary limiting 
mechanism that reduces Jc [21].  
In general, microstructural studies reveal that wires 
formed in situ show an inherent porosity in the final 
MgB2 wire due to a reduction in volume from the 
initial densely-packed starting materials [23]. This 
porosity is dependent on the particle size of starting 
materials [20, 24-26] and can be managed by 
temperature [27] or pressure [28-30] regimes and 
drawing methods. Nevertheless, porosity in these 
wires can be as high as 50% [31]. Mechanical 
properties of in situ MgB2 wires measured under strain 
show that degradation of critical current occurs at 
lower strain compared with wires made by ex situ 
methods [22]. Ex situ wires show lower overall 
porosity, a more homogenous microstructure, 
reasonable strain tolerance [32] and an increased Jc at 
4.2 K with low applied fields (≤ 1T) [21]. 
Nevertheless, detailed tensile tests on multi-filament 
ex situ wires reveal significant variation in the value 
of Young’s modulus for MgB2 in the wire compared 
with bulk material [6]. This result suggests a 
significant porosity (~15%) remains in these ex situ 
wires and thus, critical current is not maximised nor 
suited to many applications [33]. 
The drive for lower porosity [21, 24, 34], higher grain 
connectivity [20, 28, 35], removal of impurity phases 
[21] and higher Jc in MgB2 wires has led to re-
evaluation of powder characteristics [24, 36, 37] and 
bulk sintering[38] for in situ wire production, as well 
as alternative synthesis methods such as reactive 
infiltration [39, 40] and in situ diffusion [33]. In this 
work, we propose an alternative, facile MgB2 
synthesis that forms dense, highly connected 
aggregates of micron-sized crystals at temperatures 
between 450 oC and 550 oC and pressures between 1 
MPa and 2.5 MPa. Reaction conditions, which include 
autogenous pressure induced by the decomposition of 
metal borohydrides, utilise both solid-liquid and solid-
gas reactions that enhance grain connectivity. This 
approach shows potential for either in situ or ex situ 
PIT processing albeit the simplest utilisation is likely 
to be via the latter process. We describe optimum 
synthesis conditions for autogenous pressure 
formation of MgB2 in high yields including use of 
NaBH4 or KBH4 as a source of reactive boron. 
 
Submitted: Superconducting Science and Technology 
Accepted w revision: February, 2017 
2 
2.0 Experimental 
Sample preparation, product handling and transfer to 
characterisation instruments are undertaken in a 
controlled atmosphere to minimise potential for 
oxidation of reactants and products, particularly 
susceptible products such as MgB2. The data 
presented here are compiled from more than forty 
experiments using the synthesis conditions described 
below. 
2.1 Syntheses 
Molar ratios of metal powder (99.99% purity), sodium 
borohydride and potassium borohydride powder 
(99.99% purity) supplied by Sigma-Aldrich are 
weighed, mixed in a mortar and pestle and placed into 
a 50 mL Parr reactor within a controlled atmosphere 
glove box containing Argon (99.99%). The quantities 
of Mg powder (< 325 mesh size; ~40 μm cut-off) 
ranged from 0.49 g to 1.97 g and with molar ratios of 
Mg to B ranging from 1 : 2 to 1 : 2.2. Starting materials 
are pre-heated in an evacuated chamber adjacent to the 
glove box in order to reduce to the dehydrated state 
and then transferred to an inert atmosphere. Water and 
oxygen content in the glove box is normally less than 
1 ppm.  
The reaction mixture is added to the Parr reactor, 
sealed tightly, removed from the glove box and placed 
in a fume hood. The reaction chamber is heated with 
specific protocols via thermocouple controller. Four 
standard protocols (A to D) that describe the heating 
rate, hold temperatures and typical time periods are 
shown in Figure 1a. The change in pressure is 
monitored during the reaction using a dial pressure 
gauge and an Ashcroft transducer mounted atop the 
reaction chamber. The temperature sensor is centred 
within the reactor and both temperature and pressure 
are recorded every minute. The temperature sensor is 
not embedded within the precursor materials which, at 
the start of synthesis, are located at the bottom of the 
chamber.  
For specific experiments, the autogenous pressure is 
maintained at a particular range when heated > 250 oC 
by release of gases at the top of the chamber. In earlier 
work [41], the level of autogenous pressure achieved 
during the reaction was moderated only by the relative 
volume (or weight) of starting material compared with 
the total reactor volume. Hence, Pmax generated over 
the temperature range was between 0.05 MPa and 2.0 
MPa [41]. For the experiments shown in Tables 1 and 
2, Pmax is moderated by similar measures – the starting 
weight of total reactants – as well as by releasing the 
pressure valve briefly as the temperature is increased 
to the Tmax value. Thus, for some experiments shown 
in Table 1, Pmax is maintained at less than the level that 
would be attained due to the volume of starting 
materials in the reactor. This strategy is implemented 
in order to identify optimum Tmax and Pmax conditions 
Figure 1. (a) Typical heating profiles and (b) 
temperature and pressures for Run 10 (using NaBH4) 
and Run 12 (using KBH4) to synthesize MgB2. Heating 
protocols for (b) are similar to Profile C.  
for MgB2 yield. 
Reactor design and co-incident measurement of 
temperature and pressure are important for 
interpretation of the primary chemical equilibria 
during these experiments. The reactor design results in 
a thermal gradient across the vertical section of ±100 
oC between the bottom and the top of the reactor 
during ramp up to the specified equilibrium 
temperature. The temperature recorded at the centre of 
the reactor is consistent across all experiments albeit 
variations of several degrees can occur in response to 
the occurrence of both exothermic and endothermic 
reactions with specific combinations of starting 
materials. The pressure of the reactor may also vary 
significantly under these exothermic or endothermic 
conditions.  
The heating rate used in all protocols to achieve a 
thermocouple reading of 250 oC is 7 – 10 oC/min 
(Figure 1). During this heating interval, the base of the 
reactor may achieve short excursions of temperature 
up to 50 oC higher than recorded at the thermocouple. 
Similar temperature excursions may occur during 
heating to 450 oC – 500 oC albeit the average heating 
rate is lower at 3 – 5 oC/min. To reduce the amount of 
temperature overshoot, heating rates are reduced at 
higher temperatures and the reactor is held at a set 
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temperature 50°C below Tmax for ten minutes (see 
Figure 1).The advantage of this reactor design is that 
gaseous phases under these conditions, such as Na, 
NaH and NaBH4, condense at the cooler top of the 
reactor [41]. 
On cooling the reaction chamber to room temperature, 
the reactor is opened in an argon-filled glove box 
using the gas release valve. In general, material 
removed from the reaction chamber is placed 
immediately on substrates or contained within 
controlled atmosphere environments for subsequent 
characterisation. In some instances, the product 
powder is gently washed with a minimum amount of 
water (to remove soluble salts and/or the metal 
borohydride) prior to characterisation. 
2.2 Characterisation 
Reaction products are characterized by optical and 
electron-optical methods and X-ray diffraction. A 
Leica multi-focus, stereo optical microscope and a 
Zeiss Sigma variable pressure Field Emission SEM 
with Oxford Instruments silicon drift detector (SDD) 
are used for microscopy observations and energy 
dispersive spectroscopy (EDS) elemental analysis. 
Samples are prepared for SEM/EDS by placing a thin 
layer of material onto aluminium stubs with double 
sided carbon tape. In general, samples are not coated 
with a conductive coating to avoid analytical 
interference(s). Elemental analysis is carried out at an 
accelerating voltage of 15 kV or 20 kV at 8.5mm 
working distance. Excessively charging samples are 
imaged at lower accelerating voltages of 3 kV or 5 kV. 
If charging is excessive when the sample is uncoated, 
some samples are re-examined after deposition of a 
gold coating. Polished samples are prepared for 
SEM/EDS analysis by embedding in a conductive 
epoxy and examined without a carbon coating. 
X-ray diffraction (XRD) data are collected via a 
PANalytical X'Pert MPD diffractometer using Cu Kα 
or Co Kα radiation. Data are collected for 4o < 2ϴ < 
90o at a step size of 0.02° 2ϴ on samples as received 
(i.e. not crushed). Samples are mounted inside the 
glove box onto a customized sample holder. This 
holder eliminates direct exposure of the sample to air 
using a mylar film window attached to a protective 
cylindrical metal container. The sample is placed 
horizontally on the holder and the protective cylinder 
tightens to the base support via matching screw 
threads and o-ring seals. Depending on the particle 
size of the reaction products, X- ray data are collected 
with a parallel beam configuration, rather than Bragg-
Brentano geometry typically used for finely ground 
powders. Quantitative estimates of products are via 
Rietveld analyses from XRD data using PANalytical 
HighScore software.  
Zero field cooled (ZFC), field cooled (FC) and 
magnetisation data are measured in the VSM mode 
using a Cryogenic Ltd Mini Cryogen-free System 
(Cryogenic Ltd., London, UK) with a 5 T magnet and 
field cooled integrated variable temperature insert 
which allows for temperature control at the sample 
between ~300 K and ~4.5 K. Samples are gently 
crushed prior to magnetic measurements. 
3.0 Results 
In all cases, the base of the reactor contained the MgB2 
product and, depending on the completeness of 
reaction, no other phases. Incomplete reactions show 
in XRD data the presence of excess metal borohydride 
which may be removed by washing. Other indicators 
of incomplete reaction include presence of Mg metal 
and a relatively high residual reactor pressure (0.1 – 
0.2 MPa) when cooled to room temperature. 
3.1 Synthesis Conditions 
Tables 1 and 2 summarize synthesis conditions and 
outcomes for selected experiments using the protocols 
described in Figure 1. Protocols A and C are preferred 
heating regimes that generate consistent outcomes and 
are reported in this work. An important determinant of 
a successful reaction is the quantity of target material 
in the final product. In general, Table 1 shows 
experiments for which the final desired product is 
present at >80% when determined by Rietveld 
analysis of XRD data.  
Table 2 lists key parameters for KBH4-based 
syntheses and demonstrates, in part, an experimental 
strategy to identify optimum MgB2 yield. For 
example, Runs 13 and 14 show poor MgB2 yield for 
similar reaction times at relatively high autogenous 
pressure (e.g. ≥ 1.5 MPa). Run 12, under similar 
conditions but with a lower mass of reactants that 
generates a lower Pmax, delivers a high MgB2 yield. 
Run 11 shows poor yield and high levels of other 
products primarily due to a low total reaction time. 
However, Run 15 with a longer reaction time and a 
moderated Pmax < 1. 2 MPa results in an MgB2 yield > 
80%. A similar strategy is employed for NaBH4 
experiments. Examples of powder XRD patterns 
obtained on MgB2 product from experiments listed in 
Tables 1 and 2 are shown in Figure 2. In these cases, 
minor amounts of impurity phase(s) are present and 
denoted by “+”. 
Tables 1 and 2 also describe key variables that 
influence the relative proportions of MgB2 product in 
autogenous reactions. For heating profiles A and C, 
the hold times at 250 oC and at the maximum 
temperature, Tmax, (e.g. 450 oC or 500 oC) affect the 
yield of MgB2 depending on the molar ratio of starting 
reactants. For these reactions, the presence of minor 
phases is unavoidable and, as noted by Cava et al.  
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MgB2 Other Phases 
1 1:2 A 5.0 500 5.0 10.5 2.15 78 MgO 
2 1:2 A 0.5 500 12.0 13.0 1.73 86 MgO 
3 1:2 A 5.0 500 12.0 17.5 1.62 86 MgO MgNi3B2 
4 1:2 A 5.0 500 12.0 17.5 1.37 94 MgO NaH 
5 1:2 A 5.0 521 12.0 17.5 0.97 91 MgO 
6a 1:2 C 12.0 450 10.0 22.5 2.23 92 MgNi3B2 
7 1:2 B 0 500 6.0 6.3 3.19 86 MgO MgB4 
8 1:2.20 A 5.0 500 5.0 10.5 2.91 84 MgO MgNi3B2 
9a 1:2.15 C 5.0 450 5.0 15.5 1.82 95 MgO MgNi3B2 
10a 1:2.15 C 5.0 450 10.0 15.5 2.16 95 MgO MgNi3B2 
atemporary pressure release to reduce pressure; refer to text for details. 
bprofile example in Figure 1a. 
ctT2 is the time the reactor is held at temperature T2 and tTm is the time reactor is held at Tmax. 
dtotal time is cumulative hold times excluding ramp time between heating steps; ramp time is consistent 
for all reactions. 
Table 2 

















MgB2 Other Phases 
11 1:2 C 450 4.0 6.5 1.35 47 KBH4 MgO Mg K2B4O7 
12 1:2.15 C 450 15.0 17.5 1.24 93 KBH4 MgO Mg 
13 1:2.15 C 450 12.0 14.5 1.50 55 KBH4 MgO KOH 
14 1:2.15 C 450 15.0 17.5 1.76 60 KBH4 
15a 1:2 C 450 15.0 17.5 1.13 86 KBH4 MgO 
atemporary pressure release to reduce pressure; refer to text for details. 
bprofile example in Figure 1a. 
ctTm is the time reactor is held at Tmax; the reactor is held for two hours at temperature T2 for all runs. 
dtotal time is cumulative hold times excluding ramp time between heating steps; ramp time is consistent for all 
reactions. 
 
[42], MgO is the most commonly observed for all 
MgB2 preparations. Minor phases (i.e. generally less 
than 10%) for each reaction are shown in Tables 1 and 
2 and include MgO and MgNi3B2.  
The presence of minor MgNi3B2 is consistent with the 
reactor wall composition which includes ~60% Ni 
content and, in general, occurs for higher pressure 
reactions or reactions held at 500 oC for extended 
periods. The presence of minor MgO may also be due, 
in part, to unreacted Mg in the product. This unreacted 
Mg, upon transfer to the XRD sample holder, readily 
transforms in atmosphere to MgO despite effort to 
minimise such exposure. 
In general, the optimum pressure range for highest 
yield of MgB2 is between 1.4 MPa and 2.2 MPa. 
Figure 1b shows the temperatures and pressures 
achieved for Run 10 with formation of high MgB2 
yield (~95%). In this experiment, the gas valve was 
opened at T ~ 450 oC to achieve conditions 2.0 MPa < 
Pmax < 2.2 MPa. Other experiments with the same 
amount of starting materials for Pmax > 2.2 MPa after 
5 hours show poor yield of MgB2 yield (~45%; data 
not shown) with high proportions of other phases (e.g. 
MgNi3B2 and NaMgH3) and reactants (e.g. Mg and 
NaBH4). Table 1 also lists a reaction with excess 
boron (Run 8) that produces high autogenous pressure 
(i.e. > 2.5 MPa). However, when held at Tmax = 500 oC  
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Figure 2. Powder X-ray diffraction patterns of MgB2 
produced from Runs 7 and 10 using NaBH4 and Run 
12 with KBH4. Impurity phases are identified with (+). 
Run 10 with ~95% MgB2 in the product shows 
minimal impurity phases. Major reflections for MgB2 
are indexed for Run 10. 
for five hours, the yield of MgB2 is lower than similar 
runs at 450 oC (data not shown). Runs 9 and 10 in 
Table 1 show that high yields of MgB2 are obtained 
with Tmax = 450 oC and excess boron in the reaction 
(i.e. Mg : B = 1 : 2.15). 
3.2 Reaction Products 
Figure 3 shows a range of morphologies for MgB2 
formed by these autogenous reactions. In some cases, 
more than one morphology may be present or 
dominant in the final product. For example, the 
morphologies in Figs. 3b and 3c are produced in the 
same reaction (Run 6). In some cases, excess metal 
borohydride or other products are observed and their 
composition confirmed by SEM area scans generating 
secondary X-rays that are measured by the SDD. 
Examples of residual metal borohydride are arrowed 
in Figs. 3a and 3e. Figs. 3e and 3f are typical examples 
of MgB2 produced with KBH4 as reactant as shown in 
Table 2. In this case, removal of residual reactants 
from the product by gentle water washing is not as 
effective due to the much lower solubility of KBH4 
































Figure 3: SEM images of MgB2 formed using NaBH4 in (a) Run 1, (b) and (c) Run 6, (d) Run 9; and using 
KBH4 in (e) Run 11 and (f) Run 15. Excess metal borohydride due to incomplete reaction is arrowed. 
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Figure 4: SEM images of MgB2 produced at 500 oC 
from (a) Run 1 (Profile A) showing preferred crystal 
surfaces with extensive deposits and predominantly 
basal surfaces without deposits (dotted arrows); and 
from (b) Run 7 (Profile B) showing euhedral grain 
shapes of MgB2 with poorly-formed anhedral grains 
of MgB2 (arrowed); note the presence (highlighted in 
the dotted rectangle) of thin surface layers which do 
not form on all surfaces.  
 
Figure 4 shows SEM images of samples that have 
been directly transferred into the microscope after 
production and thus, have no conductive coating nor 
pre-washing. The MgB2 grains shown in both images 
are part of large aggregates (> 250 μm x > 150 μm) 
containing well-formed euhedral interpenetrating 
grains oriented in many different directions. Figure 4a 
shows product from Run 1 with non-basal planes 
(oriented along the a and b axes) that show a high 
density of surface features. In contrast, basal planes 
(arrowed) are devoid of surface features and often 
show growth ledges or steps. These features suggest 
that vapor phase deposition may be enhanced on the 
basal surfaces of MgB2 while growth in the a-b plane 
is less conducive in this environment.  
Morphologically different surface features occur in 
the sample heated to 500 oC without a hold at 250 oC 
(Run 7). These features occur on different surfaces of 
MgB2 and may be consistent with unreacted or 
partially reacted NaBH4. Higher magnification images 
(not shown) of the smaller anhedral grains in Figure 
4b (arrowed) indicate nano-scale hexagonal symmetry 
which suggests these features are poorly-formed 
MgB2 grains. This interpretation is consistent with 
heating Profile B where reactants are heated rapidly to 
500 oC without equilibration at 250 oC. While this 
sample contained many large grains of MgB2, the 
yield of desired product (~86%) is lower than obtained 
with heating Profile A with similar starting conditions 
(Table 1). For Run 7, the morphologies and sizes of 
individual MgB2 grains are of substantially greater 
variety than other syntheses with a hold at 250 oC. 
Figure 5 shows incident light composite micrographs 
of large mm-sized aggregates formed by NaBH4 (Figs. 
5a and 5b) and KBH4 (Fig 5c) reaction with micron-
sized Mg. In both cases, MgB2 shows a distinct and 
predominant gold colour with incident or reflected 
light. The darker grey regions – more obvious in 
Figure 5c – are unreacted metal borohydride as noted 
above. Figure 5d is a reflected light micrograph from 
a polished section of MgB2 grains produced from Run 
9 embedded in a conductive epoxy. The size and 
extent of these aggregates are of ~100 μm or greater 
in size and, as with many of these syntheses are 
substantially larger than the starting Mg powder. 
Interpenetrating growths of individual MgB2 crystals 
are highlighted by colour variations from deep yellow 
through to grey due to different orientations relative to 
the optic axis.  
Figure 6 is a combined SEM and X-ray map of a ~40 
μm x ~50 μm aggregate from the same polished 
section shown in Figure 5d (Run 9). The SEM image 
does not provide an indication of the individual grains 
within the aggregate but, on average, the grains are 
between 5 μm and 15 μm in longest dimension. X-ray 
maps in Figs. 6b–6d show an even distribution of Mg 
and B in this sample as well as a low intensity 
distribution of Na within the aggregate. The relative 
intensities of secondary X-rays as received at the SDD 
detector are reflected in the relative colour intensity of 
Figs. 6b–6d. The Na X-ray map also shows higher 
intensity and Al, Si and O signals (data not shown) at 
a grain near to the aggregate (arrowed; Figs. 6a and 
6d) consistent with the presence of an aluminosilicate 
impurity from the polishing process.  
3.3 Magnetic measurements 
Figure 7 illustrates the temperature dependence of 
magnetization in both ZFC and FC modes at an 
applied field of 100 Oe for MgB2 produced using 
NaBH4 and KBH4 (Runs 6 and 15), respectively. The 
onset superconducting transition temperature, Tc, for 
both reactions (Run 6 and 15) is approximately 38.5 K 
(dotted line in Figure 7). A detailed view of the 
magnetisation curve (inset, Figure 7) suggests that the 
Tc for Run 15 is 38.3 K and, for Run 6, Tc = 38.5 K. 
These values are comparable to the generally accepted 
Tc for single crystal MgB2 [43-46] between 38.4 K and 
38.7 K.  
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Figure 5: Optical microscopy images of (a) large aggregate of MgB2 and (b) higher magnification incident light 
image of MgB2 aggregate in (a) formed with NaBH4; (c) incident light image of MgB2 formed with KBH4 and 
(d) reflected light micrograph of polished MgB2 aggregates produced by Run 9. Variations in colour (from 




















Figure 6: Images from a polished sample of product from Run 9 showing (a) secondary electron image of MgB2 
grain and (b) – (d) X-ray maps for specific elements on the same grain. Note the low and evenly distributed 
level(s) of Na. A sodium aluminosilicate impurity from the polishing process is arrowed in Figs. 6a and 6d. 
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The small FC susceptibility signal observed for both 
samples can be attributed to a large flux pinning force 
due to trapping of the magnetic flux in the FC 
condition. However, the absolute value of 
magnetization for MgB2 from Run 6 is higher than that 
for Run 15 which is consistent with the XRD and SEM 
data for these samples. For Run 15, the sample shows 
a higher proportion of unreacted metal borohydride 
and a smaller average grain size than for Run 6. XRD 
data indicates nearly single phase MgB2 from Run 6 
with stronger inter-grain connectivity compared with 
the sample from Run 15. 
Figure 8 shows magnetisation hysteresis loops for 
MgB2 produced by autogenous pressure reaction using 
NaBH4 and KBH4. These measurements are made at 5 
K steps from/to 35 K on samples from Runs 6 and 15, 
respectively, although, for clarity, Figure 8 only shows 
data collected at 10 K and 20 K for each sample. In 
each case, these data are normalised to the weight of 
the aggregate analysed. For 5 K < T < 30 K, the M-H 
loops show symmetry typical of Type II 
superconductors and bulk measurements of MgB2 
[47]. Small discontinuous steps in magnetisation 
values around zero field in Figure 8 are due to the 
sequence of measurements in which the temperature 
is first set and then the magnetic field is swept in both 
negative and positive directions. Minor remnant 
magnetization in the magnet gives a slight shift to the 
centre of symmetry in Figure 8. 
The symmetry in both magnetic field branches 
suggests that bulk pinning is dominant compared with 
surface pinning. The M-H loops at 10 K remain open 
up to a field strength of 3.8 T for both samples. 
However, the loop width is enlarged for MgB2 
produced from Run 6 (Table 1) compared with MgB2 
produced from Run 15 (Table 2). A larger loop 
structure suggests a higher degree of inter-grain 
connectivity in the NaBH4-derived sample and a 
higher proportion of MgB2 as noted in Tables 1 and 2. 
4.0 Discussion 
There are limited instances in the literature of 
autogenous pressure reactions to form MgB2 
particularly without the use of halides or oxides in the 
reactant mix [48]. High pressure conditions (i.e. 0.5 
GPa < P < 3 GPa) prior to, or during, heating at 650 
oC < T < 950 oC to form MgB2 are well described in 
the literature [18-20, 28, 30, 49, 50] and demonstrate 
improvement in wire physical properties such as 
critical current density, flux pinning and mechanical 
stress. Higher pressure and temperature reactions 
ranging between 2 GPa – 6 GPa and 1200 oC to 1700 
oC have also resulted in high quality single crystals 
[45] and better definition of the peritectic transition 
temperature [51] for MgB2. One study [45] notes the 
influence of an intrinsic gaseous phase under high 
temperature conditions but in general, reported wire  
Figure 7: ZFC and FC magnetisation for MgB2 
produced with NaBH4 (Run 6) or KBH4 (Run 15). 
Inset: detailed view of the transition temperature 
showing a 0.2 K difference for these samples in the 
onset Tc value. For KBH4, Tc = 38.3 K. 
Figure 8: Magnetisation loops for MgB2 produced by 
Run 6 (in red; NaBH4) and Run 15 (in blue; KBH4) at 
10 K (solid lines) and 20 K (dotted lines). 
 
forming methods do not explicitly introduce a gaseous 
phase.  
Other instances of autogenous pressure reactions to 
form MgB2 for example, via high temperature reaction 
of Mg and B powders in a sealed quartz tube [52] or 
via a hybrid physical-chemical vapor deposition 
(HPCVD) method [53] are reported. In the former 
instance, a rapid heating rate (~25 oC/min) to 750 oC 
and hold for three hours produced a black MgB2 
powder with nano-scale grains [52]. The autogenous 
pressure condition for this reaction is not recorded 
[52]. The HPCVD approach reacts Mg ingots at 680–
720 oC with boron by using 25% B2H6 in flowing H2 
gas at ~2 MPa pressure [53]. This method produces 
euhedral, hexagonal and icosahedral single crystals up 
to 30 μm size in less than one hour [53]. The onset Tc 
for these powders is 38.5 K. These HPCVD conditions 
are similar in nature – due to the presence of B2H6 and 
H2 – to that reported in this work and earlier [41]. 
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However, there are substantial differences in 
temperature of operation, starting materials and size 
and morphology of MgB2 product. 
Previous work [41] shows that autogenous pressure 
reactions due to the presence of H2 and B2H6 at low 
temperatures (< 250 oC), result in MgB2 as the 
predominant phase when Tmax > 420 oC and 1.0 MPa 
< P < 2.3 MPa. Experiments at lower temperatures 
(i.e. 300 oC to 400 oC) show that MgB2 is present as a 
minor phase (i.e. < 10% relative) in the product mix 
[41] even with significant pressure due to 
decomposition of NaBH4.  
4.1 Metal Borohydride Syntheses: General Properties 
The optimum conditions determined from this work 
for formation of MgB2 using NaBH4 or KBH4 as a 
source of reactive boron that result in high yield of 
MgB2 are for Tmax > 420 oC and Pmax < 2.5 MPa. The 
total elapsed time, Ttot, for these experiments ranges 
from 6 hours to 25 hours (not including ramp times to 
set temperatures). In general, > 80% yield occurs for 
most reactions using NaBH4 over this broad range of 
times. Reactions using KBH4 appear less robust and 
require longer times (e.g. > 15 hours) and lower 
pressure to achieve high yield. Synthesis of higher 
quality MgB2 – measured by physical properties 
including Tc – is dependent on maintaining the reactor 
at 250 oC for times greater than 30 minutes.  
The euhedral morphology and interpenetrating growth 
of MgB2 grains within large aggregates as shown in 
Figure 3 are common characteristics for autogenous 
synthesis using these metal borohydrides. These 
characteristics are related to gas phase reactions which 
include reactive boron species. Grains produced by 
this method follow typical vapor-solid or vapor-
liquid-solid growth mechanisms which vary as the 
reactions proceed.  
For example, when the reactor is initially at 450 oC, a 
high abundance of gaseous species will drive solid 
formation/transformation reactions (see below) which 
result in depletion of the gas(es). In addition, we have 
shown that these gases can also result in formation of 
solids (e.g. NaH, MgH2) on the colder upper surfaces 
of the reactor [41]. Reactor pressure values in Figure 
1b show that long hold times ensure equilibrium 
reactions go to completion and that all the gaseous 
species are consumed. These conditions lead to 
enhanced and interpenetrating grain growth as 
condensation occurs on existing solid surfaces and 
new grains grow in crystallographically 
commensurate orientations.  
The notable gold colour of MgB2 grains and large 
aggregates is characteristic of these synthesis methods 
and has been observed in earlier work. For example, 
synthesis of MgB2 single crystals up to 1.5 mm x 1.0 
mm in size by a high pressure cubic anvil method are 
distinctively gold in colour [43]. Similar observations 
are reported for Li-doped MgB2 single crystals in 
contrast to carbon-doped MgB2 which are black [54]. 
MgB2 formed by a rapid heating method under 
autogenous pressure as listed for Run 7 in Table 1 is 
also black in colour [55]. The black colour for MgB2 
formed by autogenous pressure is attributed, in part, 
to morphology and an average smaller particle size 
[41, 55]. A comparison of magnetisation properties 
[41] and data from carefully described structural 
studies [54] with substituted MgB2 suggest that gold 
coloured MgB2 has intrinsically better 
superconducting properties such as a higher onset Tc 
compared to black material. 
4.2 Role of Alkali Metal 
We examine polished samples of MgB2 in order to 
establish the presence/absence and/or extent of 
sodium within the structure. It is reasonable to assume 
that during the heating process Na may be sufficiently 
reactive to be incorporated into MgB2. For example, 
at low pressure such as 0.1 MPa the melting point for 
Na is ~98 oC and at > 400 oC and 0.1 MPa, the vapour 
pressure of Na increases more than 10-fold to ~ 0.09 
kPa [56]. Thus, liquid and/or gaseous Na is likely to 
be present in this reaction. Further evidence for the 
presence of gaseous Na in the reactor is the formation 
of Na and NaH on the upper (colder) surfaces of the 
reactor [41]. 
Figure 6 shows a combined SEM/EDS image and X-
ray map of the elements Mg, B and Na for a large 40 
μm x 50 μm MgB2 grain obtained by reaction 
conditions listed in Table 1 as Run 9. The presence of 
Mg and B is readily confirmed by this technique. The 
presence of Na – taken under the same operating 
conditions (collection time, accelerating voltage and 
working distance) as that for B – is equivocal or, at 
least, considered minimal based on a comparison of 
intensities and secondary X-ray absorption 
coefficients. We suggest that the level of Na in this 
sample of MgB2 is likely to be in trace amounts or 
parts per million (ppm).  
MgB2 syntheses that include substituted univalent and 
multivalent cations such as Li, Al, Ti, Sc are well 
studied [29, 42, 43, 54, 57, 58] due to efforts to 
introduce hole or electron doping into the structure. 
This body of work shows that the solubility of many 
metals in MgB2 is low and only a few elements, such 
as Al [42, 43], will readily substitute into the structure 
without imposition of extreme conditions such as high 
pressure and temperature (e.g. Ti substitution requires 
~3 GPa at 1,000 oC [29]).  
In general, substitution of metal ions results in a 
decrease of Tc compared with unsubstituted MgB2 [43, 
59, 60]. Physical properties measurements of MgB2 
produced via reaction with NaBH4 show Tc = 38.5 K 
using AC magnetic susceptibility at zero field [41]. 
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Thus, we suggest that the level of Na or K substitution 
in MgB2, if present, is in trace amounts of ppm 
magnitude. A Density Functional Theory calculation 
of Na substituted MgB2 proposes substitutions up to 
20% [61]. However, there is no experimental evidence 
that Na is soluble, or will partially substitute, into the 
MgB2 structure. Similarly, the data shown in Figure 7 
for magnetic susceptibility of MgB2 produced with 
KBH4 suggest that K substitution into MgB2 by this 
reaction mechanism is low or negligible. 
4.3 Reactions at Low Temperature 
We have shown [41] that decomposition of NaBH4 at 
low temperature is a key step in the generation of 
autogenous pressure. The decomposition of NaBH4 at 
temperatures between 80 oC and 180 oC resulting in 
the formation of H2(g) and B2H6(g) and higher order 
borohydrides was reported more than sixty years ago 
[62-64]. The decomposition of NaBH4 may also be 
catalysed by the presence of Mg or MgH2 [65-68]. The 
increase in pressure up to and including T ~ 250 oC is 
primarily due to the evolution of H2 and B2H6 and the 
formation of higher borohydrides [41]. Generation of 
gases at these temperatures is evident from P-T 
profiles at an expanded scale for Runs 10 and 12 as 
shown in Figure 9. 
In Figure 9 the plot for NaBH4, which shows an 
increase in pressure at ~ 80 oC, is consistent with the 
pioneering work of Bragg et al. [62] and others [63, 
64] who studied the decomposition of NaBH4  under 
pyrolytic conditions. Figure 9 shows that for Run 10 
the pressure stabilises at ~0.04 MPa when the 
thermocouple T ~ 90 oC for < 20 mins and then drops 
slightly (to ~0.03 MPa) as the thermocouple 
temperature decreases towards the set point of 50 oC.  
With additional heating, the pressure increases rapidly 
as the reactor temperature is increased to 250 oC. The 
maximum pressure from this decomposition is 
achieved at ~260 oC. Over this temperature range (Δ ~ 
180 oC), the pressure increases by approximately 10x 
which is significantly greater than calculated from 
Boyle’s law [56] using a fixed volume of gas at ~ 80 
oC. 
In comparison, for reactions with KBH4, an increase 
in pressure above background is discernible (P ~ 0.01 
MPa) at ~ 90 oC and increases as T > 130 oC (P ~ 0.04 
MPa). A consistent pressure of ~ 0.14 MPa is 
maintained while the thermocouple is held at 250 oC. 
The rate of pressure change and the maximum 
autogenous pressure achieved using KBH4 at these 
low temperatures is consistently less than that 
obtained with similar amounts of reactants using 
NaBH4. Nevertheless, in both cases we suggest that 
decomposition of these borohydrides occurs at T < 
160 oC. These observations may be useful to  
Figure 9: Detail of P-T plot from Figure 1b showing 
temperature(s) at which the production of autogenous 
pressure by generation of borane and higher derivative 
gas(es) from NaBH4 (red dot-dash vertical lines) and 
from KBH4 (blue dot-dash vertical lines) occur. 
researchers pursuing materials and systems 
development for hydrogen storage [66]. 
 
4.4 Reactions at Higher Temperature 
With further heating to 250 oC and higher, the 
evolution of gases increases rapidly for both 
borohydrides with the greatest increase of autogenous 
pressure driven by the presence of NaBH4. For 
example, for Run 10 the reactor pressure peaks at 2.16 
MPa and then stepwise decreases to ~1.0 MPa while 
the thermocouple temperature is held at 450 oC. In 
some cases, the temperature will fluctuate periodically 
while the thermocouple temperature is held at either 
250 oC or 450 oC (or other Tmax hold temperatures). 
These fluctuations are evident in Figure 2 for Run 12 
at 250 oC as well as for Runs 10 and 12 at 450 oC. As 
we note in earlier work [41], these variations in 
temperature are due to competing reactions occurring 
at these temperatures and are greater than the 
thermocouple measurement error. 
A reduction of pressure after the maximum value and 
for the period while the reactor is held at 450 oC (or at 
500 oC) occurs for all reactions involving the 
formation of MgB2. For example, Run 12 with KBH4 
as the reactant, shows pressure change up to a 
maximum of 1.24 MPa at 450 oC, and then decreases 
to lower values before the reactor is cooled to room 
temperature (Figure 1b). For both reactions shown in 
Figure 1, the variation in pressure with constant hold 
at 450 oC indicates that the autogenous gas is 
consumed or converted by gas-gas, gas-liquid or  
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Figure 10: Contour plot of temperature-pressure 
conditions for optimum yield(s) of MgB2 using 
NaBH4 to generate autogenous pressure. Contour 
values are approximate with maximum yield shown 
by red colour intensity. Selected experimental runs as 
listed in Table 1 are designated by a circled numeral. 
 
gas-solid reactions at this temperature. Given the 
complexity of reactions that occur in metal 
borohydride systems over this temperature range [41, 
66], and difficulty in analysing the gas in situ, we infer 
that the gas is boron-rich and that formation of MgB2 
is the dominant reaction under these conditions [41]. 
Figure 10 shows a compilation of data for reactions 
undertaken with NaBH4 to identify the optimum 
conditions for the formation of MgB2 with autogenous 
pressure. Data points for lower temperature reactions 
are limited but for T > 420 oC the contour plot shows 
the approximate regions of P-T space that are likely to 
offer a high yield of MgB2. In general, the region is  
50 oC < Tmax < 500 oC and 1.4 MPa < Pmax < 2.2 MPa 
as shown in Figure 9 where Pmax is the maximum 
autogenous pressure attained during the reaction. 
Experiments using KBH4 have not been as extensive 
as with those using NaBH4 as reactant. Nevertheless, 
based on the data shown in Table 2, we suggest that a 
similar range of Tmax and a slightly lower range for 
Pmax is suitable for maximum yield of MgB2 when 
KBH4 is the reactant. 
4.5 Competing Reactions 
The general reaction(s) for autogenous pressure 
formation of MgB2 can be represented by the 
following equations: 
2MBH4 + Mg  =  MgB2 + 2MH + 3H2   (1) 
2MBH4 + Mg  =  MgB2 + 2M + 4H2   (2) 
where M = Na or K. However, underlying this general 
reaction are a series of equilibria that vary in 
importance as the temperature and pressure change. 
For example, we have shown in this work and earlier 
[41] that for NaBH4 the following low temperature 
reactions are important in this system: 
2NaBH4 (s) = 2NaH (s) + 2BH3 (g)  (3) 
BH3 (g) + B2H6 (g) = B3H7 (g) + H2 (g)   (4). 
Conversion of solid sodium to a liquid [56] and the 
formation of charged defects [69] such as Na+ and 
BH4- in NaBH4 with subsequent formation of surface 
BH3 and H- enhance initiation of other reactions that 
add to the suite of competing reactions as the mixture 
is heated to 250 oC and higher.   
Figure 11 is a schematic of the above low temperature 
reactions along with other potential reactions as 
temperature and pressure change over time. These 
reactions are inferred from the rich hydrogen storage 
and battery materials literature as well as from the 
product mix of reactions reported in this work and 
earlier [41, 66, 68, 70]. The red dotted lines 
approximate the range of temperature and hold times 
used for these autogenous reactions as described in 
Figure 1a. Reactions to the left of Figure 11 are 
inferred by the products formed at the top of the 
reactor [41] while reactions to the right of the 
schematic are relevant to products or their 
intermediates formed at the base of the reactor.  
For example, in Figure 11 we represent the reaction 
between Mg(s) and H2(g) to form MgH2(s) above 200 
oC (at 1 MPa < P < 4 MPa) [71]. Higher quality MgH2 
with a wide range of morphologies forms at higher 
temperatures up to 600 oC [71, 72]. Magnesium 
hydride reacts with NaBH4 between 250 oC and 400 
oC to form MgB2 [73]or, alternatively, with B2H6 at 
lower temperature to form Mg(BH4)2. Magnesium 
borohydride forms at relatively low temperatures (< 
220 oC) in a gas-solid reaction [70] in the presence of 
MgH2 and B2H6 and is also known to decompose [74] 
between 300 oC and 400 oC to form MgH2. In addition, 
over this temperature range, the decomposition of 
NaBH4 is enhanced by the presence of MgH2 or Mg 
[65, 75] which further drives reactions toward the 
production of MgB2. Thus, in this type of reactor there 
is a range of competing reactions that shift equilibria 
depending on the availability of condensation sites, 
gaseous species and solid or liquid reactants to 
enhance or minimise formation of by-products. 
Despite this complexity of multiple chemical 
interactions, a high yield of desired product, MgB2, 
can be formed within a specific P-T regime using 
either NaBH4 or KBH4 as a source of reactive boron. 
4.6 Product Yield and Grain Connectivity 
Under these reaction conditions, production of MgB2 
at the base of the reactor relative to other phases is 
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Figure 11: Schematic showing complexity of equilibrium reactions in the production of MgB2 with temperature, 
autogenous pressure and the reactor described in text. This schematic shows a typical P-T profile (blue dotted 
and solid lines) for NaBH4 and conditions similar to Run 3. 
~95%. The proportion of MgB2 is estimated by 
Rietveld refinement of XRD data. The accuracy of this 
method to determine phase abundance is 
approximately ±3% to ±5% relative, and while 
precautions are taken to minimise post-reactor 
formation of oxides, the approach is not without 
limitations. One limitation is the reactor material 
(Inconel 600 or 601) which may deteriorate with 
extended use or multiple use as a reactor (e.g. with 
halides as reactants). Other materials such as boron 
nitride may be more viable under these P-T 
conditions. Nevertheless, the use of Inconel in the 
reactor provides a comparison with existing 
commercial scale wire production processes which 
utilise metal or alloy billets [1-3, 6] and is consistent 
with demonstrated mechanical property requirements 
of wire sheaths or inserts [1, 2, 22, 32].  
Magnetisation experiments are used to evaluate the 
influence of bulk or surface pinning [12, 76, 77] as 
well as grain connectivity or density in bulk MgB2. 
The magnetisation parameter has practical 
significance when related to the volume or mass of 
analysed superconducting material and is determined 
for melt-grown single crystals [47] and for powders 
[78] of MgB2. Magnetisation curves are also used to 
estimate Jc via the Bean model [79] which requires a 
well-defined estimate of grain/particle size. Given the 
wide range of grain sizes observed in the course of this 
work (see Figs. 3-6), and partial disaggregation during 
sample preparation for magnetisation measurements, 
we compare normalised magnetisation properties with 
existing work.  
As shown in Figure 8, MgB2 produced under 
autogenous pressure generated by decomposition of 
metal borohydrides shows superconductivity up to 3.8 
T between 10 K and 20 K. The magnetisation for 
samples in Figure 8 ranges between ~41.8 and 31.8 
emu/g at 10 K. These values are comparable to 46.7 
emu/g for a mass normalised+ single crystal 
determination [47] and of ~39 emu/g for powders 
produced by solid state processes at 950 oC (see Figure 
5 of Joshi et al. [78]). A more recent study [80] on 
solid state processing reports MgB2 pellets sintered at 
850 oC with higher magnetisation values of ~80 emu/g 
at 0.5 T applied field and 10 K. We suggest that grain 
connectivity, and within grain magnetisation, for 
MgB2 produced at lower temperature and with 
autogenous pressure are comparable to earlier work 
and thus, may be a viable alternative process for ex 
situ wire production. 
5.0 Conclusions 
We have synthesised quality MgB2 aggregates at low 
temperature and moderate pressure using reactive 
boron generated by the decomposition of the metal 
borohydrides, NaBH4 and KBH4. These MgB2 
aggregates contain individual grains that, on average, 
are significantly larger than the starting materials and 
show a high level of connectivity within the aggregate. 
Decomposition of the metal borohydrides commences 
at T < 150 oC with NaBH4 decomposition more 
susceptible at lower temperature (~80 oC) in the 
presence of Mg.  
The P-T range for optimum production of MgB2 under 
these conditions is 1.5 MPa < Pmax < 2.2 MPa and 450 
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oC < Tmax < 500 oC along with a hold at 250 oC for 
more than 30 minutes prior to heating to Tmax. 
Equilibrium reactions under these autogenous 
pressure conditions are complex but ultimately drive 
towards the production of MgB2 through a range of 
intermediate compounds. The solubility of alkali 
metal in MgB2 under these reaction conditions appears 
to be low at ppm levels. The quality and size of MgB2 
aggregates suggests that this synthesis may be viable 
for bulk applications that require wires or formed 
bodies with good grain connectivity. 
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Notes 
+Value estimated by converting emu/cm3 from Cho et 
al. [47] to emu/g using MgB2 density = 2.57 g/cm3; 
assumes impurity-free MgB2. 
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